Purpose: African Americans have higher incidence and poorer response to lung cancer treatment compared with Caucasians. However, the underlying molecular mechanisms for the significant ethnic difference are not known. The present study examines the ethnic differences in the type and frequency of MET proto-oncogene (MET) mutation in lung cancer and correlated them with other frequently mutated genes such as epidermal growth factor receptor (EGFR), KRAS2, and TP53. Experimental Design: Using tumor tissue genomic DNA from 141 Asian, 76 Caucasian, and 66 African American lung cancer patients, exons coding for MET and EGFR were PCR amplified, and mutations were detected by sequencing. Mutation carriers were further screened for KRAS2 and TP53 mutations. Functional implications of important MET mutations were explored by molecular modeling and hepatocyte growth factor binding studies. Results: Unlike the frequently encountered somatic mutations in EGFR, MET mutations in lung tumors were germline. MET-N375S, the most frequent mutation of MET, occurred in 13% of East Asians compared with none in African Americans. The frequency of MET mutations was highest among male smokers and squamous cell carcinoma. The MET-N375S mutation seems to confer resistance to MET inhibition based on hepatocyte growth factor ligand binding, molecular modeling, and apoptotic susceptibility to MET inhibitor studies. Conclusions: MET in lung cancer tissues contained nonsynonymous mutations in the semaphorin and juxtamembrane domains but not in the tyrosine kinase domain. All the MET mutations were germline. East Asians, African-Americans, and Caucasians had different MET genotypes and haplotypes. MET mutations in the semaphorin domain affected ligand binding. (Clin Cancer Res 2009;15(18):5714-23) Lung cancer is a difficult disease to treat and is the most commonly diagnosed form of cancer, and its ravages on human health is underscored by the fact that there are over 213,000 new cases every year in the United States alone. Despite signifi-cant advances in treatments over the past two decades, only 15% of lung cancer patients survive for 5 years or longer (1). However, one of the most interesting and intriguing facts that has emerged from recent ethnic studies is that African Americans
not only have higher incidence of lung cancer but also suffer from relatively lower survival rate when compared with matched Caucasian population (2) . One of the underlying culprits that could partially explain this discrepancy is the tumor suppressor gene TP53. TP53 is mutated in 80% to 100% of small cell lung cancers (SCLC) and 50% to 80% of non-SCLC (NSCLC). There is a strong direct correlation between TP53 polymorphisms (exon 4, intron 3, intron 6) and incidence of lung cancer. The highest frequency of TP53 polymorphisms is, however, seen in African Americans and the least in Mexican Americans (3) . Ethnic differences can also play an important role in the design of specific therapeutic approach as shown with studies related to the gain of function somatic mutations in the epidermal growth factor receptor (EGFR) tyrosine kinase in lung cancer. Tumors of Asian origin have relatively high mutation rate of EGFR that results in high basal kinase activity, and the patients respond much better to treatments containing EGFR inhibitor (4) (5) (6) (7) (8) (9) . In spite of this, the general response to EGFR inhibition is only 15%, and a majority of patients develop resistance. Thus, there are other tyrosine kinases such as MET that play an important role in lung cancer. The focus of this study is, therefore, to map MET mutations in lung tumors collected from patients of different ethnic backgrounds.
The MET receptor tyrosine kinase and its cognitive ligand the hepatocyte growth factor (HGF)/scatter factor play a major role in tumor development and metastasis (10) (11) (12) . Overexpression of MET and the presence of an autocrine loop of activation have been linked to abnormal cell growth, tumor cell invasion, and subsequent metastasis (12) . In a variety of human cancers, MET is also associated with high tumor grade and poor prognosis. Identification of activating germline mutations of MET in hereditary papillary renal carcinoma and subsequent confirmation provided the first direct evidence linking MET to human oncogenesis (13) (14) (15) (16) . Nonsynonymous mutations of MET have also been reported in a variety of human cancers including head and neck squamous cell carcinoma, small and non-small cell lung cancers, hepatocellular carcinoma, ovarian carcinoma, breast cancer, glioma, and gastric carcinoma (12) . A number of MET mutations identified in the tyrosine kinase, juxtamembrane, and the semaphorin domains have been implicated in various cancers (17) (18) (19) (20) (21) . It is currently not known if these mutations are germline or somatic.
In this study, we screened for mutations in the exons coding for semaphorin, juxtamembrane and tyrosine kinase domains of MET, and tyrosine kinase domain of EGFR in tumor tissues encompassing all non-small cell lung cancer histologic subtypes obtained from patients of East Asian, African-American, and Caucasian ethnicities. The nonsynonymous mutations of MET were further correlated with mutations in other lung cancer biomarkers such as KRAS2 and TP53. In addition, we also screened 74 lung cancer cell lines for MET mutations. The relationship between mutation profiles and patient ethnicity, clinical information, and pathologic characteristics were analyzed and the functional role of important MET mutations was evaluated in cell models.
Materials and Methods
Tissue specimen and DNA isolation. The tumor tissue samples were collected at the time of surgery from pathologically documented patients at the University of Chicago Hospitals, Chicago, IL, for whom clinical data were available with informed consent and in conformation with institutional guidelines. Use of human materials in this study was approved by the Institutional Review Board. The corresponding adjacent normal lung tissues obtained at surgery, where available, were also used in sequence analysis. Genomic DNA was isolated from archival formalin-fixed, paraffin-embedded tumor tissues using standard procedures. We also obtained genomic DNA isolated from fresh frozen tumor and adjacent normal tissues as well as from peripheral blood of 141 East Asian lung cancer patients with informed consent and in conformation with institutional guidelines from Taipei Veterans General Hospital, Taipei, Taiwan. Genomic DNA from 74 established lung cancer cell lines was isolated by standard method. Patient clinical information is given in Supplementary Table S1 .
Nucleotide sequence analyses of MET, EGFR, KRAS2, and TP53 genes. The individual selected exons of MET (Genbank accession number AC002080), EGFR (X00588), KRAS2 (NG_007524), and TP53 (AF307851) were amplified by multiplex PCR using Qiagen Multiplex PCR reagent, as per manufacturer's suggested protocol (Qiagen). Primers used in multiplex PCR are listed in Supplementary Table S2 .
Recombinant MET ectodomain fused to immunoglobulin Fc region. The ectodomains of MET-WT or MET-N375S were amplified and cloned into pFUSE-mIgG2Aa-Fc1 to generate the Fc fusion construct (Invivogen). Stable transfectants of the wild-type (WT) and mutationbearing constructs were established in Chinese hamster ovary cells selected in RPMI 1640/FCS-10% containing zeocin (500 μg/mL) and subclones selected on the basis of secreted fusion protein identified by binding of anti-IgG 2c -horseradish peroxidase (Jackson Immunoresearch Laboratories, Inc.). Secreted MET-Fc fusion proteins were isolated from conditioned medium by binding to, and elution from, Protein A-sepharose columns (GE Healthcare).
HGF binding to MET-Fc or MET-N375S-Fc by ELISA. Each of the MET proteins [10 μg/mL; 0.05 mol/L carbonate buffer (pH 9.6)] was immobilized on ELISA microplates, followed by blocking overnight with Startingblock T20-TBS (Pierce), and incubation with increasing concentrations of recombinant HGF (Calbiochem) for 2 h; washed thrice in TBS-0.05% Tween 20 (TBS-T), anti-HGF (1 μg/mL in Startingblock; mouse monoclonal IgG1; R&D Systems, Inc.) for 2 h; washed thrice in TBS-T, anti-mouse IgG1 isotype-alkaline phosphatase (1/1,000 in Startingblock; Fisher Biotech; note that the isotype-specific antibody does not detect the γ2c heavy chain of the fusion protein Fc domains); and washed thrice in TBS-T followed by detection of bound alkaline
Translational Relevance
MET receptor kinase is an important therapeutic target in lung cancer as aberrantly expressed or mutated MET serves pleiotropic functions in tumor development, and several germline activating mutations in MET have been implicated in cancers. This is the first study to show that majority of the MET mutations to be germline in lung cancer. This has large implications on hereditary factors and interactions with carcinogens (such as smoke) for lung cancer (which has never been understood previously). The type and frequency MET mutations were different among Caucasians, African Americans, and East Asians. This is the first study to compare the MET and epidermal growth factor receptor mutations in a large set of lung cancers. MET mutation N375S was detected in high proportion of East Asian samples and was correlated to incidence of squamous cell carcinoma. The MET-N375S mutation seems to confer resistance to MET inhibition.
phosphatase by assay at 405 nm of pNPP hydrolysis [1 mg/mL Tris (pH 8.5)].
Functional analysis of MET variants. MET-N375S mutant in pIRES2-EGFP vector was created by site-directed mutagenesis as described previously (19, 21) . The recombinant MET mutant and its WT counterpart were transiently expressed in COS-7 cells using Fugene HD transfection reagent. The cells were treated with increasing concentrations of METspecific inhibitor SU11274 (Pfizer, Inc., R&D) as described previously (19) . Apoptosis was measured based on Annexin V-positive staining as determined by fluorescence-activated cell sorter analysis (Annexin-V-Fluos Staining kit; Roche Diagnostics) according to the manufacturer's directions.
Molecular modeling. Selected MET variants identified in the present study and a few MET variants from our previous study (19) were modeled according to the structural parameters described for MET earlier (22, 23) .
Statistical and data analysis. Relationship between mutation carriers and patient clinical and behavioral characteristics were analyzed using Fisher's exact test or χ 2 test using GraphPad Prism version 4.02 and GraphPad InStat version. 3.06 (GraphPad Prism Software). The germline variants were tested for Hardy-Weinberg equilibrium using a χ 2 test for goodness-of-fit. P values were calculated using large sample approximations. Haplotypes were inferred using PHASE (24) . Pair-wise linkage disequilibrium (LD) across the variants was assessed using r 2 values that were calculated and plotted using LD Plotter. 11 
Results
Type and frequency of MET mutations: ethnic differences. The individual exons of semaphorin, juxtamembrane, and tyrosine kinase domains of MET were amplified using tumor tissue genomic DNA from 141 East Asian, 76 Caucasian, and 66 African American lung cancer patients by PCR, and the mutations were identified by sequencing. In all, we detected nine nucleotide substitutions and six of them involved nonsynonymous amino acid changes ( Table 1 ). Four of the nonsynonymous substitutions were also detected in the corresponding adjacent normal tissues attesting to their germline origin. Corresponding normal tissues were not available for the remaining two mutation carriers. All the nonsynonymous mutations were clustered in the semaphorin domain except R988C of the juxtamembrane domain. Five of the above mutations are listed in the single nucleotide polymorphism database with specific IDs ( Supplementary  Table S3 ).
N375S was the most frequent nonsynonymous mutation and occurred at a higher frequency in East Asians compared with Caucasians, and was altogether absent in African Americans. The MET semaphorin domain also contained two synonymous substitutions that occurred with relatively high frequency. 534C > T (S178) was seen mostly in Asians, whereas 1131C > T (I377) was restricted to mainly African Americans. The juxtamembrane domain mutation 2962C > T (R988C) was infrequent and only found in Caucasians and African Americans. In the tyrosine kinase domain, synonymous mutation 3912C > T (D1304) was more commonly found in Caucasians and East Asians than African Americans. No nonsynonymous mutations were detected in the MET kinase domain in any of the tumors.
In addition, 74 lung cancer cell lines were sequenced for all the 21 coding exons of MET gene (Table 1) . N375S mutation was detected in two SCLC (H289 and HCC33) and one adenocarcinoma (H2122) cell lines. Juxtamembrane domain muta-tion R988C was detected in NSCLC cell line H1437. A novel homozygous substitution 2554A > T (I852F) in the IPT-4 domain was detected in NSCLC cell line H157. In addition, we detected seven synonymous substitutions: 144G > A (in 3 cell lines), 534C > T (in 9), 1113C > T (in 1), 1944A > G (in 6), 3912C > T (in 31), 4071G > A (in 31), and 4146G > A (in 31) corresponding to amino acids A48, S178, N371, Q648, D1304, A1357, and P1382, respectively. The three synonymous tyrosine kinase domain substitutions, 3912C > T, 4071G > A, and 4146G > A were linked and occurred together as either homozygous (9/74) or heterozygous (22/74) in cell lines. Interestingly, the synonymous mutations of the tyrosine kinase domain were completely absent in all cell lines derived from African American ethnicity (n = 8). Synonymous mutation 1131C > T, found at high frequency in African American tissues, was not detected in any of the cell lines.
Haplotype analysis. The confirmation of the presence of tumor substitutions in the matching germline DNA gave us the opportunity to describe, for the first time, the haplotype structure of the MET gene in different ethnic groups ( Table 2) . No deviation from Hardy-Weinberg equilibrium was found (P > 0.05), although we cannot exclude deviations for the less common mutations found in our study. The LD patterns of the identified polymorphisms are shown in Supplementary Fig. S1 . Complete LD (r 2 = 1) between 534A/G and 1124A/G polymorphisms were observed in both Asian and Caucasian populations, but not in African-Americans, where both variants are monomorphic. Partial LD between 1131 and 2962 in Caucasian (r 2 = 0.32) and between 2962 and 3912 in African-American (r 2 = 0.24) samples were also observed. Haplotype analysis showed striking differences in the haplotype structure of germline variants among the different ethnic groups as evidenced by differences in the number of variants in each ethnic group and their haplotype composition ( Table 2) . MET diplotypes were 1/1 (frequency of 0.39), 2/1 (0.21), and 1/2 (0.16) in Caucasians; 2/2 (0.79), 6/2 (0.05), and 2/6 (0.03) in African Americans; and 2/2 (0.44), 1/2 (0.20), 2/1, and (0.18) in East Asians.
MET mutations and lung cancer histology, smoking status and gender. The frequency of the MET nonsynonymous mutations in different histologic subtypes of lung cancer was determined ( Fig. 1A ). Caucasians and East Asians had higher frequency of MET mutations in squamous cell carcinoma than in adenocarcinoma and large cell carcinoma combined [P = 0.0486; 95% confidence interval (95% CI), 1.07-7.8]. In East Asians and Caucasians, the frequency of N375S was higher in squamous cell carcinoma than in adenocarcinoma or in large cell carcinoma (P = 0.05; 95% CI, 1.07-7.8; Fig. 1B ). Also, N375S was found at the highest frequency across squamous cell, adenocarcinoma, and large cell carcinoma subtypes in East Asians, when compared with Caucasian (P = 0.0004; 95% CI, 2.004-38.64) or African Americans (P = 0.0006; 95% CI, 1.257-356.5) and none of the 66 tumor samples of African American cohort revealed this mutation.
The frequency of MET-N375S in East Asian males was much higher compared with females (P = 0.0432; 95% CI, 0.8929-54.17; Fig. 1Ci ). The most interesting aspect was that a large percentage of N375S mutation carriers (18/19) were smokers (P = 0.0673; 95% CI, 0.7677-48.35; Fig. 1Cii ).
EGFR mutations. Gain of function mutations in the kinase domain encoded by exons 18 to 21 of EGFR are known to occur with relatively high frequency in lung cancers of Asian origin (4) (5) (6) (7) (8) (9) . To understand the relationship between the type and frequency of MET mutations with those of EGFR in lung cancer patients, we also determined EGFR mutations in the same set of lung tumor tissues. The variations in EGFR were mainly clustered in exons 19 and 21 and were most frequent in East Asian samples ( Table 3) . EGFR mutations were found in 32% (45 of 141) of East Asians compared with only in 3% (4 of 142) of Caucasians and African Americans (P < 0.0001; 95% CI, 5.628-46.47). Heterozygous EGFR-L858R mutation occurred in 13.5% (19 of 141) of the East Asians. Histologically, in East Asians 96% of the EGFR mutations were found in adenocarcinoma and 4% in squamous cell carcinoma, whereas large cell (n = 7) and small cell (n = 2) subtypes showed no mutations. A novel somatic mutation P848L in exon 20 was detected in a large cell lung carcinoma of Caucasian origin. In East Asians, EGFR variations were found preferably in nonsmokers (39% of nonsmokers compared with 24% of smokers had mutations; P < 0.0001; 95% CI, 0.01308-0.1377) and females (34% of females compared with 31% of males had mutations; P = 0.72 by χ 2 test). None of the EGFR mutations were present in the adjacent normal or corresponding lymphocyte tissues, indicating that all EGFR muta-tions were somatic. Out of 283 lung tumors, one adenocarcinoma of East Asian origin and one large cell carcinoma of Caucasian origin had both MET and EGFR mutations ( Table 1) .
KRAS2 and TP53 mutations. Screening tissues carrying MET mutations for known KRAS2 somatic mutations in exon 1 (codons 12, 13, and 61) revealed three patients with mutations in both ( Table 1) . None of the tissues with EGFR mutations had KRAS2 mutations. TP53 mutations were found in 18% (2 of 11) of MET and 29% (8 of 29) of EGFR mutation carriers, respectively (Tables 1 and 3 ). One tissue with MET-N375S mutation showed KRAS2-G12A and TP53-R280K mutations. Thus, it seems that most frequently occurring multiple gene mutations are in MET or EGFR in combination with TP53 but not with KRAS2; further, the frequency of both MET and EGFR being altered in the same sample is also relatively less (Fig. 1D) .
Structure analysis of semaphorin domain mutations by molecular modeling. A summary of all the frequently occurring synonymous as well as nonsynonymous mutations in the MET gene in lung cancer, in relation to its domain structure and ethnic preferences, are summarized in Fig. 2A . The crystal structure of the M  74  Adeno  IB  Y  +  +  --ND  T83  N375S  Asian  M  79  Large cell  IB  Y  +  +  ---T85  N375S  Asian  M  68  Adeno  IB  Y  +  +  ---T147  N375S  Asian  M  81  Squamous  IB  NK  +  +  ---T157  N375S  Asian  M  85  Squamous  IB  Y  +  +  ---T208  N375S  Asian  M  72  Adeno  IB  N  +  +  --ND  T233  N375S  Asian  M  75  NSCLC  IB  Y  +  +  --ND  T297 N375S semaphorin domain in complex with β chain of HGF has been determined earlier (22) , providing the opportunity to study the potential effects of variations on ligand binding through comparative molecular modeling. Mutations in the semaphorin domain of MET identified in previous studies by our group (19, 21) were also included in the modeling study. Analysis of the three-dimensional structure of semaphorin domain of MET-HGF complex (1SHY) showed the presence of semaphorin domain residues E168 and L229 in direct contact with HGF (also see Fig. 2B and C) , indicating the potential for altering the binding affinity of the complex due to replacement of these residues (Fig. 2B) . The three-dimensional model also showed residue E168 in a conserved motif due to the high ω value (>1) of the neighboring residues P169, S170, and P210 (Supplementary Table S4 ). Replacement of asparagine at 375 by a serine resulted in the loss of a hydrogen bond between the altered residue and the adjacent arginine residue at 280 ( Fig. 2C and D ), suggesting possible changes to ligand binding. Overall, mutations of semaphorin domain conferred subtle changes to the ligand binding region and also to its physical properties as evidenced from the Root Mean Square Deviation values that were all <1 Å (Supplementary Table S4 ).
The relative binding between HGF and MET-WT or MET-N375S. Since MET-N375S mutation occurred at highest frequency, we further studied the effect of the amino acid change on ligand binding and susceptibility to the MET inhibitor SU11274. We generated fusion constructs of MET-WT and MET-N375S ectodomains and the Fc portion of the immunoglobulin, expressed them in Chinese hamster ovary cells as described in Materials and Methods, and purified the recombinant proteins. The relative purities of the fusion protein preparations were analyzed by SDS-PAGE and the results are shown in Fig. 3A . The yields as well as the quality of both types of protein preparations obtained from culture supernatants were comparable.
We next analyzed the binding between HGF and the fusion proteins by an ELISA-based assay as described in Materials and Methods. As shown in Fig. 3B , the amounts of HGF bound to MET-WT were much higher when compared with MET-N375S at every concentration of HGF tested, thereby clearly demonstrating a loss of affinity for HGF in case of the MET-N375S mutant. In contrast, the MET-E168D mutant had relatively higher affinity for HGF. The above finding supports the prediction made by the model presented in Fig. 2B .
MET mutations and their effect on susceptibility to c-Met Inhibitor SU11274. To understand the role of the frequently mutated MET-N375S (and also the E168D for comparison) in modulating sensitivity to MET inhibitor, we did in vitro apoptosis assay in a COS-7 transfection model using the preclinical MET inhibitor SU11274. The recombinant MET-WT, MET-N375S, and MET-E168D constructs were transiently expressed in COS-7 cells and their susceptibility to increasing concentrations of Haplotype  534  1063  1085  1131  1216  2962  3912 Number Frequency SU11274 was determined by Annexin V-positive staining of cells. Although the relative levels of protein expression for MET-WT and its mutant forms were comparable (data not shown), the MET-N375S cells had less SU11274-induced apoptosis compared with cells that expressed MET-WT, evident at both 1 and 5 μmol/L concentrations of SU11274. In contrast, the cells expressing E168D mutant showed higher susceptibility to the c-Met inhibitor at both concentrations tested (Fig. 3C ).
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Discussion
Ethnic differences seem to significantly contribute to the incidence and prognosis of lung cancer. One of the underlying molecular differences could be in some of the important receptor tyrosine kinases with major role in lung cancer. The present study aims to understand mutational differences in the receptor tyrosine kinase MET in Caucasians, African Americans, and East Asians. Highest frequency of MET mutations was found in East Asians as was the case with EGFR mutations. However, unlike EGFR mutations that are somatic in nature, majority of the MET mutations were germline. Thus, East Asians seem to show a propensity for mutations in both MET and EGFR RTKs. Incidentally, most of the nonsynonymous mutations were localized to the ligand binding semaphorin domain and the negative regulatory juxtamembrane domain of MET RTK. In our limited previous study, as well as the current multiethnic study, we failed to detect any nonsynonymous mutations (gain of function) in the MET kinase domain, a trait different from that seen in gastric, hereditary papillary renal cell carcinoma, and head and neck cancer (13, 15, 16, 19, 21) . In addition, the MET nonsynonymous mutations did not show any significant overlapping or Fig. 1 . MET mutations in lung cancer. A, frequency of MET mutations based on histologic subtypes of lung cancer and ethnic groups. The percentage frequencies of the occurrence of nonsynonymous mutations are given in parenthesis (blue). Adeno, adenocarcinoma. B, occurrence of MET-N375S mutation among histologic subtypes in different ethnic groups. Carriers of MET-N375S mutation are given as a percentage of total samples. C, frequency distribution of MET-N375S mutation in lung cancer patients of East Asian origin based on gender (i) and smoking history (ii). D, the pie chart shows tumors with nonsynonymous mutations in MET alone, MET and EGFR, and MET and KRAS2 as a percentage of total number of MET mutation carriers. mutually exclusive pattern with mutations in EGFR, KRAS2, or TP53 genes. Although a large number of samples have been screened in this study, due to the low frequency and the germline nature of MET mutations, the results need to be interpreted with caution.
Studies involving specific inhibitors of EGFR clearly showed that there could be other RTKs such as MET that arise in the setting of resistance, and can contribute to tumorogenesis and metastasis (25, 26) . This is supported by earlier signaling studies that show interaction between multiple activated RTKs and their downstream signaling target phosphoinositide 3-kinase (27) . Earlier studies from our laboratory with specific small inhibitors of MET attest to the above fact and indicate that MET plays a significant role in not only lung tumorogenesis and M  76  Adeno  IB  Y  ----T89  L858R  Asian  M  78  Adeno  IB  Y  -NA  --T223  L858R  Asian  M  50  Adeno  IB  Y  -NA  -ND  T312  L858R  Asian  M  69  Adeno  IB  N  -NA  -ND  T132  L858R  Asian  F  73  Adeno  IIA  NK  NA  NA  --T249  L858R  Asian  M  83  Adeno  IIA  Y  -NA  -ND  T317  L858R  Asian  F  76  Adeno  IIA  NK  -NA  -ND  T68  L858R  Asian  M  70  Adeno  IIB  Y  NA  NA  -W91Stop  T156  L858R  Asian  M  54  Adeno  IIB  Y  ----T38  L858R  Asian  F  50  Adeno  IIIA  N  -NA  --T142  L858R  Asian  F  71  Adeno  IIIA  NK  ----T232  L858R  Asian  M  59  Adeno  IIIA  Y  -NA  -ND  T272  L858R  Asian  M  63  Squamous  IIIA  Y  -NA  -ND  T81  L858R  Asian  F  59  Adeno  IIIB  N  ---Q32Stop  T168  L858R  Asian  F  66  Adeno  IIIB  NK  NA  NA  --T121  L858R  Asian  M  71  Adeno  IV  NK  ----T176  L858R  Asian  M  51  Adeno  IV  Y  -NA  --T294  L858R  Asian  M  58  Adeno  IV  N  -NA  -ND  T375  Del:746-750  Asian  M  75  Adeno  IB  NK  NA  NA  -ND  T210  Del:746-750  Asian  M  50  Squamous  IB  Y  NA  NA  -ND  T297  Del:746-750*  Asian  M  78  Adeno  IB  Y  NA  NA  -ND  T57  Del:746-750  Asian  F  57  Adeno  IIB  NK  ----T104 Del angiogenesis, but also in its metastasis (19, 28) . The present study also unravels a striking difference between the nature of mutations with respect to MET and EGFR. Majority of the nonsynonymous mutations of MET were found to be of germ-line in origin compared with EGFR that were somatic. In our EGFR mutational analysis, all the adjacent tissue samples were devoid of mutations, whereas the MET mutations were present both in the tumor and the adjacent normal tissues. Interestingly Structural changes in MET semaphorin domain due to nonsynonymous mutations and their effect on interaction with HGF β-chain are shown by homology modeling: yellow, HGF β-chain; purple, the semaphorin domain of MET as ribbon models. Altered residues are colored red and labeled by residue number; residues 168 and 229 can be seen in direct contact with HGF. C, Van der Waals or space-filling spheres representation of positively selected residues P169, S170, and P210 with high probabilities of ω > 1 are spatially close to mutation E168D, indicating that residue 168 is in the ligand binding region. D, stereo magnification of the mutation N375S; N375 (left) has two potential hydrogen bonds (green dash line), whereas S375 modeling structure (right) shows loss of one hydrogen bond, and therefore likely to weaken ligand binding. enough, we also had peripheral blood lymphocyte DNA from East Asian subjects, and both L211W and N375S mutations were found in these DNAs. Thus, the mutations seen in the adjacent normal tissues in MET were most likely not due to "field effect." A recent report correlated certain African American-specific haplotypes of TP53 to higher incidence and poorer prognosis of lung cancers, and these apparently were absent in Caucasians (3) . However, we found that TP53, and not KRAS2, mutations cooccurred with both MET and EGFR tyrosine kinase mutations, and the frequencies were comparable with previous report (29) . The higher incidence of the somatic mutations of EGFR as well as the germline mutations of MET in East Asians signifies the underlying hereditary component. As an example, JAK2 mutations are somatic in polycythemia vera, but still, they are controlled by a germline single nucleotide polymorphism identified in the JAK2 gene (30) .
The nonsynonymous MET mutations determined in the present study correlated more with squamous cell carcinoma than adenocarcinoma or large cell carcinoma and similarly more with male smokers. A larger study by including detailed quantitative information about the smoking history of lung cancer patients would be useful to determine the true relationship between environmental toxins such as cigarette smoke, MET mutations, and potential risk of developing lung cancer. The epithelial cells that line the air passages and the lung alveoli are maximally exposed to inhaled cigarette smoke (carcinogens) and therefore could develop multiple carcinogenic foci that are commonly seen in patients with squamous cell lung carcinoma. However, such lesions can be diagnosed at preneoplastic stage and therefore can be readily treated with combinatorial chemotherapy that includes specific MET inhibitor. It would be important for the future to determine the stage, metastasis, and other covariables in the context of MET mutations.
The MET semaphorin domain harbors the ligand binding site, and based on results from our laboratory, it seems to be a key region that is targeted for nonsynonymous mutations in lung cancer (19, 21) . Our molecular modeling of E168D and N375S mutations of MET revealed subtle changes in the ligand binding region of MET. It is, therefore, likely that the affinity of the above mutant MET variants with HGF is significantly altered, thereby altering MET functionality. This is precisely what we see with MET-E168D and MET-N375S mutants in our functional studies. Our previous study clearly suggested that the lung cancer patients harboring MET mutations could have varying extent of response to specific MET kinase inhibitors such as SU11274 (31) . Molecular modeling suggests distancing of the 375 residue from its interacting counterpart in HGF, thereby weakening the ligand and receptor interaction. This is reflected in the lower affinity. It is very likely that ligand binding by the above mutant MET results in less than optimal kinase activation, and therefore, the observed increased resistance to the MET therapeutic inhibitor SU11274. This poses a challenge to the design of patient-directed therapeutic cocktails to achieve the highest efficacy.
In summary, our results identify significant ethnic differences in the type and frequency of MET mutations in lung cancer. Semaphorin domain mutations have an effect on the ligand binding affinity of MET receptor tyrosine kinase. Lung cancer patients do not carry any mutations in the MET kinase domain. The MET mutations, unlike that of EGFR, are germline in nature. This study showed lung cancer patients of East Asian origin as a distinct ethnic group with high incidence of both germline MET-N375S and somatic EGFR mutations compared with Caucasians and African Americans. The germline nature of MET mutations together with their low frequency in lung cancer patients suggests the need for larger number of samples for genotype-phenotype correlational analyses. In light of the reports of amplified MET signaling as the culprit in lung cancer resistance to gefitinib, it is important to determine the role of MET mutations and amplification in lung cancer resistance to therapy.
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